To increase the solder joint robustness, researches and studies on composite solder carried out by many researchers in an effort to develop viable lead-free solders which can replace the conventional lead-based solders.This paper reviews the fabrication processes of the lead-free composite solder and its non-metal reinforcing effects to the suppression of intermetallic formation. Most researchers using different solder fabrication methods have found that byadditions of nonmetal reinforcement from micron up to nano particle size had suppressed the intermetallic compound formations of lead-free composite solders.
Introduction
In electronic packaging industries nowadays, it is difficult to maintain the robustness of solder joint in microelectronic devices with the increasing regulation of requirement prior to environment and health issues of using toxic materials in human everyday appliances [1] [2] [3] . Moreover, the rapid modernity in electronic application is a great challenge faced by the electronic industries as they need to keep in track with the emerging advances while struggling to stay within manufacturing cost limit. Those packages demand higher interconnections density. Higher density of interconnects were more prone to reliability failures. Besides that, properties of the solder material itself play an important role for robust interconnects in electronic packaging assemblies. Properties such as melting temperature of solder, wettability, density, electrical conductivity, reduction in undercooling, thermal expansion and mechanical properties affects the solder joint reliability [4] .The most significant properties of solders that effects the solder joint robustness is the intermetallic and microstructure formations. In most common solders, the effects of Cu 6 Sn 5 , Ag 3 Sn intermetallic formations and β-Sn growth are crucial to be controlled [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . To increase the solder joint robustness, the development of reinforced lead-free soldersso called composite solders had just recently been explored by researchers. Metal and non-metal types of reinforcing materials with range of particle sizes were used with different solder fabrication methods. Although the area of research are not extensively done, most of the researchers found that with the additions of reinforcements will increase the solder joint properties such as wettability, mechanical properties and reduced the intermetallic formations compared to conventional leaf-free solders.
Conventional lead-free solder alloys are prepared using casting method by melting certain elements together. The solders are then formed in different solder shapes as required base on their applications. Meanwhile for composite solders, current researches have tried several fabrication techniques which includemechanical mixing and powder metallurgy method.Mechanical mixing processes for the development of composite solder is currently either fabricated for the development of cast solder ingot or solder paste while powder metallurgy method is used to form solder ingots and finally to form solder wires after extrusion. Currently, with several different solder fabrication techniques, mostresearchers have found that by additions of non-metal reinforcement from micron up to nano particle size had increased the mechanical strength and suppressed the intermetallic compound formations. However, the reinforcing mechanism effects to the suppression of intermetallic compound formations which reflects the reliability of solder joint have not yet been solid proven and is rather been hypothesized.In this paper, a short review on the fabrication process of non-metal reinforced leadfree solders and its reinforcing mechanism effects hypothesis will be discussed.
Reinforced Lead-Free Composite Solder Fabrication by Mechanical Mixing Method
Mechanical mixing method of composite solder fabrication have been used in producing solder paste and solder ingots. Generally, mechanical mixing method consists of mechanical mixing solder alloys or solders elements and the reinforcement materials homogenously. For the fabrications of solder paste, solder alloy powder is normally mechanically mixed with the reinforced material together with flux forming a composite solder paste [5] [6] [7] [8] [9] . The paste is normally mixed for at least 30minutes to ensure a uniform distribution of reinforced particles [5] . Before mixing procedure, solder alloy matrix powder and reinforced materials were weighed according to the desired weight. In the fabrication of solder paste, besides mixing solder alloys matrix with reinforcements, pure solder element powders are mixed together with the reinforcement material and mechanically alloyed to form solder alloy powders. After mechanically alloyed, flux paste is added and continuously mixed. In the final stage for producing a solder joint or a preform solder, the homogenous mixture of solder paste will be placed on an inert material such as alumina or actual substrate with the help of stencil for controlling the solder thickness. The samples were then either heated under argon gas to obtained pre-form samples or reflowed in a reflow oven for producing a solder joint.
For the fabrications of solder ingots, generally it uses conventional casting method. It consists eitherby melting solder elements and mixed with the reinforcement materials or by mixing molten solder alloy with reinforcement materials. Solder alloy ingot or pure elements and reinforcement powders are firstly weighed and placed in a crucible and finally heated in a furnace for the solder alloy to melt. A vacuum furnace with argon gas is used as an advantage to reduce oxidation and increases the homogeneity of reinforcements. During heating, the mixture of molten solder is also electromagnetic stirred to ensure homogenous distribution of reinforcement. In the final stage for producing solder ingots or preform samples, the molten solder are then poured in a mold and cooled to room temperature.
Reinforced Lead-Free Composite Solder Fabrication by Powder Metallurgy (PM) Method
The common PM method in solder fabrication process is similar to the process of fabricating other metal matrix composite which involves blending, compaction, and sintering. Many metal matrix composites have been provided significantly enhanced properties of the monolithic constituent metal, particularly in mechanical behavior [10] [11] [12] , thus it gives the same advantage by using PM method in the fabrication of lead-free composite solders.
In the first step of powder metallurgy, precise weighing of solder alloy or solder material elements and the reinforcement materials is performed. The materials are then mixed together in an air tight container and homogenously blended. Several variables need to be taken into consideration during blending which are the materials itself, its particle sizes, the type of blender to be used, ratio of powder volume in the mixer, the speed of the blender, shear and duration of blending.Careful steps must be taken during mixing as this process can introduce contamination to the mixed powder.German, R.M. [13] stated that the speed of rotation has a large effect on blending efficiency. Slow rotation will require longer time of mixing while faster rotation will result centrifugal force to the powder. The best mixing is when the centrifugal forces are small with some occurrence of turbulence.
Homogenously mixed powders will then be compacted in a steel die to get their bulk shape. The amount of powders and die sizes can be changed base on required solder shape. Extrinsic powder variables such as the particle size and shape can have a large effect on compaction. Smaller particle sizes are more difficult to press. Larger particle sizes will slow down particle work hardening as their dislocation slip distances are larger. Therefore, the rate of densification with pressurization is greater. Particles with sponge shape and has internal porosity are difficult to compact. The higher the strength of the powder, the more difficulty is expected during the compaction. In short, the compaction pressure depends on the specific powder, its size and shape, and lastly the desired green body shape.
The final stage of PM is the sintering process. Sintering can occur at temperature below the melting point, and also in the formation of a liquid phase.This process is a solid phase bonding where the particles are fused together which at the final stage will give a compact with a controllable properties [15] . When the compact consist of several different types of solder element powders, it is usually sintered below the melting point of the powder mixture with the lowest melting temperature [14] . As the temperature of sintering is quite high, rapid oxidation will occurs during the whole process, so a protective atmosphere which is usually an inert gas is supplied to the furnace.Besides using normal furnace, current researchers are exploring the usage of microwave sintering which results in better properties compared to conventional sintering. Utilization of microwave in the metal PM sintering is considerably still new and has unique set-up for each material class. Very limited work has been carried out in microwaves sintering of metals [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . PM was used extensively in microwave sintering because metal that present in powder form couples better with microwaves.
With microwave sintering in lead-free solder development, it offers more than just densification of the metal compact but a unique heating characteristic of metal compact that lead to distinctive result. If compared to the direction of resistance heating in conventional method is from the outside to the inside of the compacted powder preform, and this often results in poor microstructural characteristics to the core of the preform. Moreover, green compact solder sintered using the conventional sintering is easily exposed to oxidation since long period of time is required for homogenization of temperature while in microwave heating, holding time is not required. Oxidation is highly disfavor in soldering because it will prevent the solder to react and joint on metal substrate. Oxidized sintered solder bulk will be useless for soldering. Figure 1 : Temperature distribution in samples in: (a) conventional heating (b) microwave heating (c) hybrid microwave heating [40] Microwave heating is unique and very different from conventional heating because of their special heating characteristics such as penetrating radiation, rapid heating, controllable field distributions; selective heating of materials and it is self-limiting [26] . There are two methods of microwave heating which can be used. They are the direct heating by pure microwave and the microwave hybrid technique. Pure microwave heating is a heating where the samples are placed directly inside the microwave cavity and exposed to microwave energy while the hybrid technique using a susceptor material absorbs microwave energy to improve heating, thus rapid sintering stage if compared to conventional and direct microwave heating. MortezaOghbaei et al. [40] had illustrated the heat distribution comparison during sintering using conventional, microwave and hybrid microwave heating as illustrated in the temperature profiles in samples as in figure 1 . Red colour indicates the distributed heat where from conventional heating, heat is transferred from outer to inner area while using microwave heating, heat is transferred from inner to outer area. The well
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Information Technology for Manufacturing Systems IV distributed heat is by using hybrid microwave heating where this affects much on the well homogenous fine microstructure and reduces the porosity which may translate to increase the solder reliability properties.
Reinforcing Effects to the Suppression of Intermetallic Formations
Microstructures and intermetallic formations in a solder joint normally reflects its solder joint reliability [54] . Most of researches on non-metal reinforced composite lead-free solder had reported that with additions of non-metal reinforcement either in micron or nano-size such as TiO 2 , Al 2 0 3 , SiC, Si 3 N 4 , SWCNT and MWCNT reinforcements had suppressed its intermetallic formations. The reinforcing effects however were only reported while solid evidence and mechanism is yet to be detailed explained and understand. L.C. Tsao et al. [57] in his study of Sn3.5Ag0.5Cu with additions of Al 2 O 3 nano size reinforcement,reported thatCu 6 Sn 5 intermetallic compound (IMC) had formed in prism like shape compared to scallop like shape in Sn3.5Ag0.5Cu solders base on cross section samples ( Figure 2 ). Besides that,as in Figure 3 , the eutectic region increases while Ag 3 Sn were smaller with the addition of nano size Al 2 O 3 . Additions of TiO 2 nano particles in lead-free solders had resulted with finer microstructures in Sn-0.7Cu lead-free solder [59] . L.C Tsao had hypothesized that the Al 2 O 3 nanoparticles are absorbed in a liquid nanocomposite solder/Cu substrate interfacial which then suppresses the Cu dissolution in the liquid solder in return reducing the Cu 6 Sn 5 and retards the intermetallic compound (IMC) layer. This hypothesis is supported by Gibbs-Thomson effect which may explain the growth rate of Cu 6 Sn 5 between scallop or prism like grain morphology with respect to the ripening flux (Jr) and interfacial reaction flux (Ji) [54, 57] . Besides that, A.A. El-Daly et al. [58] had reported that by adding SiC nanoparticles in Sn-1.0Ag-0.5Cu (SAC105) solder, it had improved the plasticity of SAC105 due to the structural refinement of sub-grain sizes of primary β-Sn (Figure 4) .
A.A. El-Daly had hypothesized that SiC nanoparticles could act as additional nucleation sites where the rate of solidification of β-Sn will be faster and limits the time for the Ag 3 Sn and Cu 6 Sn 5 to grow. This somehow limits the diffusion reaction in the solder alloy where in other words, the reinforcement acts as a barrier to Ag 3 Sn and Cu 6 Sn 5 IMC formation. This mechanism was also reported by X.D. Liu et al. by reinforcing graphenenanosheets to Sn-Ag-Cu solder alloy where the graphenenanosheet had enhanced the thermodynamic resistance of the IMC growth and the surface diffusion of IMC was suppressed by the reinforcement [56] . Base on differential scanning calorimetry, the undercooling of Sn-1.0Ag-0.5Cu-0.75SiC were reported to be lower compared to SAC105 where the larger the undercooling, the larger the reaction of IMC growth to occur [54] . 
Summary
Previous studies have proven that many techniques of lead-free composite solder fabrication can be used. However by using powder metallurgy method with hybrid microwave sintering, a well distributed and rapid heat is suppliedand results with a well homogenous fine microstructure and low porosity. Although most of researches in the lead-free composite research area had reported that non-metal reinforced lead-free composite had better mechanical strength and suppressed the intermetallic formations, the reinforcing mechanism effects is not strongly proven and well reported.
